Abstract: A series of long glass fiber-reinforced thermoplastic polyurethane (TPU) elastomers and acrylonitrilebutadiene-styrene (ABS) copolymer (LGF/TPU/ABS) composites were prepared using self-designed impregnation device. Poly(styrene-co-maleic anhydride) was employed to increase the compatibility between glass fiber and matrix resin and thus obtain the excellent properties of composites. The dynamic mechanical properties of the composites have been investigated using dynamic mechanical thermal analysis. The results indicated that the storage modulus of the composites gradually increases and then decreases with increasing compatibilizer content. In addition, the low temperature peak of the composites shifts to higher temperature with increasing compatibilizer content. The thermal properties of the composites were studied by thermogravimetric analyzer. In addition, the morphology and mechanical properties of the composites are investigated by scanning electron microscopy, a universal testing machine, and a ZBC-4 Impact Pendulum.
Introduction
Polymer composites featuring superior mechanical properties have been of great commercial interest in the past decade. In particular, long glass fiber-reinforced thermoplastic (LGFT) composites have received much attention recently due to its light weight, cost-effectiveness, and recyclability. In general, mechanical properties of glass fiber-reinforced thermoplastics composites are closely related to interface adhesion between the glass fiber and the matrix resin. For the sake of obtaining outstanding mechanical properties, the precondition of the interfacial adhesion between the glass fiber and the matrix should be improved [1] [2] [3] [4] [5] [6] [7] [8] . The chemical bonding force between the glass fiber and the matrix resin is related to the surface structure of the glass fiber [9, 10] . A large number of works have been reported on the research about the compatibility. The study showed that the various strength properties of the composites are influenced by the silane coupling agent [11] . Demjen and Pukanszky [12] reported that tensile properties proved to be very sensitive to surface treatment. Reactive coupling leads to a maximum in tensile strength, whereas the use of nonreactive agents decreases strength rapidly with increasing surface coverage. Oksman and Clemons [13] studied the mechanical properties and morphology of impact modified polypropylene (PP)/wood flour composites. The composite containing both 10 phr styrene-ethylene/butylene-styrene elastomer grafted with maleic anhydride (SEBS-g-MA) and 2 phr PP grafted with maleic anhydride (PP-g-MA) exhibited superior impact strength to the one modified via either 10 phr SEBS-g-MA or 2 phr (polyethylene grafted with maleic anhydride) PE-g-MA, whereas its tensile strength was less decreased even by the incorporation of 10 phr SEBS-g-MA. Prolong and use of compatibilizer means better adhesion between the fibers and PP, which is expected to shift the glass transition to higher temperatures. The effectiveness of the compatibilizer on enhancing the interface is undeniable and has been reported by many researchers [14] . Papadopoulou and Kalfoglou [15] studied the compatibilizing efficiency of polyethylene terephthalate (PET)/PP blends. Compatibilizers used were maleic anhydride modified, PP (PP-g-MA), LLDPE (LLDPE-g-MA), and hydrogenated SBS block copolymer (SEBS-g-MA).
It is difficult to obtain high mechanical performance of the composites without an appropriate compatibilizer due to the weak adhesion between the glass fiber and the matrix resin. He et al. [16] studied the performance of the long glass fiber-reinforced thermoplastic polyurethane (TPU) elastomers and acrylonitrile-butadiene-styrene (LGF/ TPU/ABS) composites with different content of long glass fibers. However, the effects of compatibilizers on the properties of LGF/TPU/ABS composites are not studied. In this article, LGF/TPU/ABS composites were prepared using selfdesigned impregnation device, and SMA was employed to increase the compatibility between the glass fiber and the matrix resin to obtain excellent mechanical properties of LGF/TPU/ABS composites. Therefore, the effects of SMA on the mechanical properties, morphology, thermal, and dynamic mechanical properties of the LGF/TPU/ABS composites were studied by a universal testing machine and a ZBC-4 Impact Pendulum (Shenzhen SANS, China), scanning electron microscopy (SEM), thermogravimetric analyzer (TGA), and dynamic mechanical thermal analyzer (DMTA).
Materials and methods

Materials
TPU (grade 2103-80AE, melt index 40 g/10 min) were supplied by USA Lubrizol Advanced Materials. ABS was acquired from Shanghai Gaoqiao Petrochemical (China). SMA was acquired from Shanghai Sunny New Technology Development (China). The glass fibers (grade 988, diameter, 10 μm), treated with silane-coupling agent in this study, was produced by JU SHI Limit (China). The antioxidant (grade Finox 245) was obtained from Dongguan Kaiyue Chemical Technology (China).
Preparation of the composites
TPU, ABS, and the antioxidant were blended in a twinscrew extruder (Type TSE-40A/400-44-22, L/D = 40, D = 40 mm; Coperion Keya Machinery, Nanjing, China).
The temperatures from hopper to die at six different zones were 190°C, 195°C, 215°C, 215°C, 225°C, and 225°C, respectively; the screw speed was 200 rpm; and the impregnation temperature was 250°C. The resultant composites were dried in a vacuum oven at 90°C for 8 h and were then injection molded (Type CJ80M3V; Chen De Plastics Machinery, Guangdong, China) at 240°C into various specimens for testing and characterization. Preparation process schematic of the composites was depicted in Figure 1 . The melt-impregnation process of the LGF/TPU/ ABS composites is displayed in Figure 2 .
Mechanical properties testing
The tensile and flexural tests were performed on a universal testing machine (WDW-10C; Shanghai Hualong Test Instruments) according to ASTM D-638 and ASTM D-790 at room temperature. The dog-bone-shaped specimens were prepared by injection molding using an injection molding machine (CJ80M3V, Chen De Plastics Machinery). The movements of crossheads were 50 mm/min for the tensile test and 2 mm/min for the flexural test. For each sample, five to seven specimens were repeated.
Notched Izod impact tests were performed on a ZBC-4 Impact Pendulum at 23°C according to the ASTM D-256 standard. The notches (depth 2.5 mm, radius 0.25 mm) were machined after injection molding. For each sample, five specimens were repeated.
Dynamic mechanical thermal analysis testing
DMTA was performed on a TA Q800 DMA (TA Instruments, USA). The measurements were carried out at 1 Hz under a heating rate of 10°C/min. The temperature range was from -50°C to 150°C.
Thermogravimetric analyzer testing
The thermal properties of the composites were studied on TGA (TA; Q-50 Instruments, USA) under 60 ml/min of compressed air and 40-ml/min flow of high-purity-grade nitrogen. About 8 mg each of the sample was loaded in a ceramic sample pan and heated from room temperature to 650°C at a heating rate of 20°C/min.
Scanning electron microscopy
For the observation of interface behavior and dispersivity of the GF in LGF/TPU/ABS composites, specimens were fractured under liquid nitrogen condition. The fracture surface of the sample was sputter-coated with a gold layer before examination, and the morphology micrographs of the composites were obtained at magnifications of 1000 × using a KYKY-2800 SEM (KYKY Technology Development, China), with the accelerating voltage of 25 kV.
Results and discussion
Dynamic mechanical properties
DMTA testing is one of the most powerful tools to study the visco-elastic behavior of plastic and polymer composite materials, and it allows for a quick and easy measurement of material properties [17] . The dynamic storage modulus of the composites is presented in Figure 3 . It can be observed from Figure 3 that the storage modulus of the composites gradually increases and then decreases with increasing compatibilizer content. This is attributed to the stronger interfacial adhesion among matrix resin and LGF/TPU/ABS (SMA 0 %)
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150 Figure 3 Effects of compatibilizer content on storage modulus of the composites. Scanning frequency is 1 Hz.
glass fiber. That is increasing compatibility with increasing compatibilizer content. Nevertheless, when the compatibilizer content is excessive, the storage modulus of the composites decreases because of the brittleness of the compatibilizer. The storage modulus variation trend therefore can predict the mechanical properties of the composites. The storage modulus of the composites demonstrates nearly similar patterns, and it can be classified into three different zones. The first zone is designated as an amorphous rigid network in the temperature range of -50°C-75°C, which results from the fact that the chain conformations are frozen. The second zone is designated as glassy-rubbery transition in the temperature range of 75°C-125°C; an obvious drop in storage modulus of the composites turns up, which arises from the movement of small parts of polymer chains in the free volume. Over the temperature range of 125°C-150°C, the third zone is the rubbery zone, which is the glass transforms to a rubberlike state via a glass-rubber relaxation, which relates to long-range motion of the chain segments. The storage modulus of the composites in the rubbery plateau is relatively low.
From measurements of the storage (E′) and loss modulus (E″) of the composites, the loss tangent (tan δ is the ratio of storage and loss modulus, i.e., E′/E″) of the composites was calculated. The temperature dependence of the tan δ determined from the DMA curves of the asprepared composites was displayed in Figure 4 , when the scanning frequency of the composites is 1 Hz. Figure 4 shows that the tan δ curves of the composites show two peaks when the compatibilizer was added to the matrix resin. The low temperature peak of tan δ cures is the peak of the matrix. Moreover, the low temperature peak of the composites shifts to higher temperature with increasing compatibilizer content. However, the second peak of tan δ cures is the peak of the compatibilizer. In addition, this peak of the composites shifts to a lower temperature with increasing compatibilizer content. This can be explained by the excellent compatibility between the matrix resins and the glass fiber. It can be seen from Figure 4 that the peak (the first peak) values of matrix resin decrease with increasing compatibilizer content, which means that the interfacial adhesion among matrix resin and glass fiber was stronger, thus explaining the enhanced mechanical properties of the composites. As can be seen from Figure 4 , the low temperature peak values of the composites decrease with augmented compatibilizer content. Moreover, when the compatibilizer content is 6%, the low temperature value of tan δ was lowest, which explains why composites achieve better compatibility. The high temperature peak values of the compatibilizer increase with increasing compatibilizer content. LGF/TPU/ABS (SMA 0 %)
150 Figure 4 Effects of compatibilizer content on tan δ of the composites. Scanning frequency is 1 Hz.
Thermogravimetric analysis
The TGA thermograms of the composites are displayed in Figure 5 . The TGA thermograms of the composites were found to decrease in two steps. The first step was the thermal decomposition of TPU of the composites. Nevertheless, the second step was the thermal decomposition of the ABS of the composites. More importantly, the cures of the composites initially shift to low temperature and then shift to high temperature with increasing compatibilizer content. This is because the compatibility initially increases and then decreases with increasing compatibilizer content [18] .
Morphology analysis
The fracture surface morphology of the composites was investigated using SEM. The SEM micrographs of the composites are given in Figure 6 . The microstructure micrographs are obtained from cryofractured surfaces of the composites. It can be observed from Figure 6 that a large number of glass fibers of the LGF/TPU/ABS (SMA 0%) composites were pulled out from the polymer matrix without leaving any sign; at the same time, the fibers themselves showed a very smooth surface. The result demonstrates that the interfacial adhesion between the matrix resins and the glass fibers was very weak due to weak physical interaction based upon fiber break and pullout. When the compatibilizer was used in the composites, few glass fibers of the composites were pulled out from the matrix resins; moreover, the glass fiber surface of the LGF/TPU/ABS (SMA 6%) composites was adhesive by a layer. It contributes to the addition of a small amount of graft, copolymer SMA in the composites, and the interfacial adhesion increases between the glass fiber and the matrix resins. Consequently, the mechanical properties of the composites are better when the compatibilizer content is 6%.
Mechanical properties of the composites
The effects of compatibilizer content on the mechanical properties of the composites are displayed in Figure 7 . The notched Izod impact strength, tensile strength, flexural strength, and modulus of the composites gradually increase and then decrease with increasing compatibilizer content. Research also showed that the compatibilizer is beneficial for the mechanical properties of the composites [18] . The adhesion between the glass fiber and the PP was enhanced by SMA, hence, maleic anhydride could precipitate chemical reaction with hydroxyl of the glass fiber. At the same time, this is because the strength of composites increases with the contact area between fiber and matrix, and the three-dimensional network structure formed by glass fiber in the matrix is beneficial for the transmission of stress and can share a major proportion of the stress [19] . It is observed from Figure 6 that the tensile strength, flexural strength, and modulus of the composites are optimal when the compatibilizer content is 6%. Thanks to the brittleness of SMA, when the compatibilizer content is 4%, the notched Izod impact strength of the composites is optimal. Some research results suggested that interface adhesion plays a decisive role in determining the mechanical properties of the composites, ensuring effective stress transfer from the matrix to the glass fibers phase during impact or tensile deformation, which gives rise to the enhanced tensile and impact properties of the composites [20] . Agbossou et al. [21] studied the strain rate and coupling agent effects in discontinuous glass fiber-reinforced PP matrix. The results demonstrated that a strong interfacial bond seems to improve the ability of the fibers to take up load in regions of matrix cracking, and this leads to higher tensile strength.
Conclusions
The influences of the compatibilizer content on properties of LGF/TPU/ABS composites were analyzed by a universal testing machine, SEM, DMA, and TGA. The conclusions are as follows: -The storage modulus of the composites gradually increases and then decreases with increasing compatibilizer content. The low temperature peak of the composites shifts to higher temperature with increasing compatibilizer content. The peaks of the compatibilizer appear. In addition, this peak shifts to lower temperature with increasing compatibilizer content. This can be explained by the excellent compatibility between the matrix resins and glass fiber. The low temperature peak values of the composites decrease with augmented compatibilizer content. The high temperature peak values of the compatibilizer increase with increasing compatibilizer content. -The cures of the composites initially shift to low temperature and then shift to high temperature with increasing compatibilizer content. -The SEM micrographs of the composites show that the interfacial adhesion increases between the glass fiber and the matrix resins with increasing compatibilizer content. -The tensile strength, flexural strength, and modulus of the composites are highest when the compatibilizer content is 6%. However, the notched Izod impact strength of the composites is highest when the TPU content is 4%.
